Context: Common environmental contaminants can disrupt normal thyroid function, which plays essential but varying roles at different ages.
Results: Controlling for serum cotinine, body mass index, total daily energy consumption, race/ ethnicity, and poverty-to-income ratio, for each log unit increase in perchlorate, FT 4 decreased by 0.03 ng/dL in both the general population (P = 0.004) and in all women (P = 0.005), and by 0.06 ng/dL in adolescent girls (P = 0.029), corresponding to 4% and 8% decreases relative to median FT 4 , respectively. For each log unit increase thiocyanate, FT 4 decreased by 0.07 ng/dL in adolescent boys (P = 0.003), corresponding to a 9% decrease relative to median FT 4 , respectively.
Conclusions:
Our results indicate that adolescent boys and girls represent vulnerable subpopulations to the thyroid-blocking effects of NIS symporter inhibitors. These results suggest a valuable screening and intervention opportunity. (J Clin Endocrinol Metab 102: [2637] [2638] [2639] [2640] [2641] [2642] [2643] [2644] [2645] 2017) N ormal thyroid function is critical for a broad array of physiologic functions across the life course (1) . In fetal and neonatal life, chemical disruptors of the endocrine system, including thyroid hormone production, can result in neurodevelopmental disabilities and cognitive dysfunctions (1) . Disruption of thyroid hormone action may be linked to autism spectrum disorders (2) , attention-deficit/hyperactivity disorder (3) , and other behavioral disturbances (4) . Moreover, brain development continues later through adolescence via thyroid hormone regulation (5) . In both children and adults, thyroid hormone affects almost every organ system, including modulation of bone strength in the skeleton, contraction force and speed in the heart, and metabolic regulation of nutrient catabolism and appetite (6) (7) (8) .
Perchlorate, thiocyanate, and nitrate are all known to competitively inhibit the sodium-iodide symporter (NIS) in thyroid follicular cells at levels currently found in the environment (9) . The NIS is a transmembrane protein responsible for all iodide uptake into the thyroid (10) . Inhibition of the NIS disrupts normal iodide uptake that is essential for thyroid hormone synthesis; insufficient iodide reaching thyroid cells is an important cause of hypothyroidism (11) .
Although perchlorate occurs naturally, its primary environmental source is through its use in rocket propellant and explosive manufacture (12) . Perchlorate is a Food and Drug Administration-approved food contact substance (12) ; it is known to migrate into various foods, including milk, water, and water-rich vegetables (13) . Although cigarette smoke is considered the major source of thiocyanate exposure (14) , thiocyanate is also found in Brassicaceae vegetables such as radishes, kale, and other leafy greens (15) and in dairy products (16) . Nitrate is a preservative and is commonly used in fertilizer (17) ; its major dietary sources include drinking water and vegetables (18) .
Previous human studies have yielded inconsistent results on the effect of these inhibitors on thyroid function (Table 1 ). For example, using the National Health and Nutrition Examination Survey (NHANES) data from 2001 to 2002, Blount et al. (22) found that perchlorate was significantly inversely correlated to free thyroxine (FT 4 ) and positively predictive of thyroid stimulating hormone (TSH) in women only. In contrast, Suh et al. (19) found that in the NHANES 2007 to 2008 data, urinary perchlorate levels among low-iodide status women were positively associated with FT 4 and negatively associated with FT 4 in women with normal iodide. Two other studies noted similar findings, the first notably analyzing the combined effects of perchlorate and thiocyanate exposure (20) and the other controlling for exposures to phthalates, another group of endocrine disruptors (21) .
Studies have also found inconsistent results when examining sex-based differences in thyroid function alterations with NIS inhibitor exposure. Some studies failed to find any significant relationships in men when specifically investigated (20, 22) , whereas others noted some effects in both sexes (19, 21) . Although it is unclear if men are not as sensitive to the immediate effects of these NIS inhibitors (24) , the interrelationship between the thyroid and sex steroid hormone systems has been noted in several studies (25) . For instance, hypothyroidism can lead to deficits in fertility for both men and women, and thyroid hormone is essential for Sertoli cell development (26) . Although this effect may be different in postpubertal populations, these results still support the existence of a relationship between the two hormonal systems. Differences in thyroid requirements, renal clearance, or metabolic rates could account for differential effects of NIS inhibitors among men, women, and age range, but no clear mechanism has as yet been established.
Recent investigations have also examined NIS inhibitors in children. Mervish et al. (27) Abbreviations: nt, not tested; null, no significant relationship was found.
relative effects of these NIS inhibitors in infants and the relationship to their urine thyroid hormone levels and found that all three were positively associated with both TSH and FT 4 . However, no studies have thoroughly examined the effects of NIS inhibitors on thyroid hormone as a function of age, though thyroid function is part of a developmental trajectory with different effects by age. Because thyroid hormone plays an essential role in metabolism and cognitive function even after neonatal and early childhood development, it is important to identify any subpopulations potentially at risk for thyroid function abnormalities due to NIS inhibition. The purpose of this study was therefore to evaluate the effect of perchlorate, thiocyanate, and nitrate on thyroid function by age and sex using newer data from 2009 to 2012 NHANES.
Methods

Data source and sampling
The NHANES is a continuous, multicomponent, nationally representative survey designed to assess the health and nutritional status of noninstitutionalized US adults and children. The program encompasses both interviews and standardized physical examinations, including blood and urine tests. The present analysis used 2009 to 2012 data from the questionnaire, demographics, dietary, and examination components, for which data are available in biennial groupings. After approval from the National Center for Health Statistics Research Ethics Review Board, written consent was obtained. Child consent was obtained as appropriate. Because this study is based on previously collected and deidentified data, the New York University School of Medicine Institutional Review Board exempted this study from review.
Participants were excluded from this study if they reported use of prescription medications known to modify thyroid function (see Supplemental Table 1 for full list of medications). Premenarchal girls and pregnant and postmenopausal women were also excluded because these populations have substantially different thyroid metabolism than other members of the study population. Participants were also excluded if either thyroid peroxidase or thyroglobulin antibody titers were .30 IU/mL.
Laboratory methods
The primary outcomes for this analysis were serum FT 4 and serum TSH levels. To assess thyroid function, blood samples were collected from a random subset of NHANES participants. Serum TSH and FT 4 were assayed via enzyme-linked immunoassay with a chemiluminescent substrate, as described previously (28, 29) .
Key NIS-inhibiting exposures considered were perchlorate, thiocyanate, and nitrate, all of which were measured in urine. They were detected quantitatively using ion chromatography coupled with electrospray tandem mass spectrometry. More detailed description of the methodologies has been described elsewhere (28, 29) . The lower reportable limits for perchlorate, thiocyanate, and nitrate were 0.05, 10, and 500 mg/L, respectively. Perchlorate, thiocyanate, and nitrate were all corrected for urine creatinine levels to adjust for variable water excretion, as in prior work (23, 27, 30, 31) . Urinary perchlorate and iodide were corrected to micrograms of analyte per gram of creatinine, whereas urinary thiocyanate and nitrate were corrected to milligrams of analyte per gram of creatinine.
We evaluated potential confounders, including body mass index (BMI), daily caloric intake, serum cotinine levels, race/ ethnicity, and income-to-poverty ratio, all of which are likely associated with both thyroid hormone and NIS inhibitor levels. NIS inhibitor level is dictated by both dietary choices (including local water contamination and produce consumption) and metabolic clearance. Each of these covariates could potentially influence exposure rate by varying access to produce. Iodide levels were not found to be statistically significantly correlated with any NIS inhibitor level and were thus not included as a covariate. Age, race, and sex have all previously been reported to vary with thyroid function (32) . These values were all selfreported. Race/ethnicity was categorized as Mexican American, Other Hispanic, Non-Hispanic white, Non-Hispanic black, and Other. BMI and caloric intake are interrelated with thyroid function (33) and were thus included in the analysis. Height and weight were obtained by trained medical professionals. BMI was calculated by weight in kilograms divided by height in meters squared. Underweight, normal weight, overweight, and obese categories were assigned using World Health Organization guidelines of ,18.5 as underweight; 18.5 to 24.9, inclusive, as normal weight; 25 to 29.9, inclusive, as overweight; and .30 as obese. Using standardized measures and guides to assist in estimation, trained interviewers fluent in Spanish and English determined caloric intake. These interviewers elicited full 24-hour dietary intake. For our analysis, we used reported values from the first day of caloric intake collection. Poverty-toincome ratio was calculated into quintiles. Serum cotinine was included to control for effects of smoking independent of thiocyanate exposure and was determined through an isotopedilution high-performance liquid chromatography/atmospheric pressure chemical ionization tandem mass spectrometric method, described in detail elsewhere (28) .
Statistical approach and analysis
We evaluated the percent distribution of our sample by sex, age, race/ethnicity, poverty-to-income ratio, BMI, and serum cotinine range. The sample was stratified into three age groups, 12 to 21, 22 to 49, and 50 to 80, for age-based analyses. Povertyto-income ratio was analyzed by quintile. BMI was evaluated by underweight, normal weight, overweight, and obese status. Serum cotinine values were evaluated by ,0.015 ng/mL (low exposure), 0.015 to 1.9 ng/mL (moderate exposure), and by at least 2 ng/mL (high exposure), as in previous work (34) . We determined the mean population values for age and energy intake and the median values and interquartile ranges of laboratory measures, including FT 4 , TSH, and urinary creatinine, perchlorate, thiocyanate, and nitrate.
We next assessed how NIS inhibitor concentrations varied in different demographic subgroups of our population through univariate analysis using Stata 14.0 following National Center for Health Statistics guidelines. Creatinine-adjusted perchlorate, thiocyanate, and nitrate were all log base 10 transformed to normalize distribution. Mean values were derived using the log-transformed values after univariate regression. We evaluated the mean values of these chemicals by sex, age range, race/ethnicity, poverty-to-income quintile, cotinine status, BMI category, TSH quintile, and FT 4 quintile. Perchlorate, thiocyanate, and nitrate were also evaluated as categorical variables based on their quintiles. Poverty-to-income ratio was stratified into quintiles and was evaluated as categorically.
We performed stepwise multivariate analyses using Stata 14.0 following National Center for Health Statistics guidelines using provided sample weighting. Using either FT 4 or TSH as the outcome variable, we sequentially added (1) log-adjusted perchlorate, thiocyanate, and nitrate, (2) serum cotinine, (3) BMI and total daily energy consumption, and (4) race/ethnicity and poverty-to-income ratio. BMI, serum cotinine, and TSH were all log base 10 transformed to normalize their distribution. Iodide was not included because it was not available in the majority of patients due to a systematic decision of NHANES not to report the iodide level for the years 2011 and 2012. However, an analysis including iodide as a covariate in the patients from whom it was available indicated that it did not significantly change the results (data not shown).
We evaluated the relationship of the NIS inhibitors to thyroid function as a function of sex while controlling for serum cotinine, BMI, total daily energy consumption, race/ethnicity, and poverty-to-income ratio. For each analysis, perchlorate and thiocyanate were evaluated as both continuous variables and separately as categorical variables by quintile to evaluate dosedependent responses. Finally, we stratified both the male and female populations by age (12 to 21, 22 to 49, and 50 to 80) and evaluated the relationships of perchlorate and thiocyanate again as both continuous and categorical variables.
Sensitivity analysis
By correcting urinary secretion of perchlorate, thiocyanate, and nitrate with urinary creatinine, analyte values in children may be artificially elevated compared with adults (35) . To investigate this possibility, we also ran each age-stratified analysis with unadjusted analyte values with creatinine as a covariate to ensure the validity of our results. We performed a sensitivity analysis with unweighted values to ensure that our results were not an artifact of statistical weighting.
Results
Of the 20,293 NHANES 2009 to 2012 participants, 4231 had measured urinary measures, including perchlorate, thiocyanate, nitrate, and creatinine and measures for serum FT 4 and serum TSH data. We excluded 773 participants using a thyroid-interfering drug, 18 participants who were premenarchal girls, pregnant, or postmenopausal women, and 32 participants on the basis of having either thyroid peroxidase or thyroglobulin antibody titers .30 mIU/mL. This sample was examined for abnormally high TSH values indicating hypothyroidism; none were noted above 20 mIU/mL. Our final analytic sample consisted of 3151 participants. Table 2 shows characteristics of the study population.
Univariate regression analyses of urinary NIS inhibitors against potential confounders revealed significant variations in sex, age, race/ethnicity, poverty-to-income quintiles, and BMI (Table 3 ). These analyses identified that women had significantly higher levels of urinary perchlorate and nitrate than men. Participants aged 12 to 21 had significantly higher levels of perchlorate and nitrate and significantly lower levels of thiocyanate compared with people aged 22 to 49 and significantly higher levels of thiocyanate and nitrate compared with people aged 50 to 80. Other Hispanics and nonHispanic black participants had significantly lower levels of perchlorate than the reference group, Hispanic Mexican American. Non-Hispanic white participants had significantly higher levels of thiocyanate. Perchlorate and nitrate increased with increasing poverty-toincome ratio, whereas thiocyanate decreased. Higher levels of serum cotinine were associated with decreased perchlorate, increased thiocyanate, and decreased nitrate.
Higher BMI was associated with significant decreases in urinary excretion of perchlorate and nitrate. Quintiles of TSH had no significant associations with any NIS inhibitor, whereas quintiles of FT 4 bore an inverse relationship to perchlorate and thiocyanate levels.
Stepwise multivariate linear regression modeling revealed that creatinine-corrected perchlorate, thiocyanate, and nitrate were inversely associated with serum FT 4 and not associated with serum TSH (Table 4) . For each log unit increase in adjusted perchlorate, a 0.03-ng/dL decrease in FT 4 was identified (P = 0.004), and for each log unit increase in thiocyanate, a 0.02-ng/dL decrease in FT 4 was identified (P = 0.001). These associations were confirmed via multivariable analysis that looked incrementally at serum cotinine, BMI and total energy intake, and socioeconomic factors. For each log unit increase of thiocyanate, a 0.02-ng/dL decrease in FT 4 was identified in models A to C; however, the association attenuated when poverty-to-income ratio was added (P = 0.068). This relationship remained significant in the final model in unweighted analyses (Supplemental Table 2 ).
Significant differences existed between men and women when the analyses were stratified by sex ( Table 5 ). The significant negative relationship between perchlorate Table 6 ). In men, there was no statistically significant relationship with either chemical as a continuous predictor, although there was a 0.04-ng/dL difference noted between the first and fifth quintile for perchlorate (P = 0.007; data not shown). Neither sex had a significant relationship between FT 4 and thiocyanate. Models stratified by age and sex revealed different relationships, especially among adolescents of both sexes (Table 6 ). In male participants aged 12 to 21, the total decrease in FT 4 per unit increase in the log of adjusted thiocyanate in this age group was 0.07 ng/dL (P = 0.003), much larger than that observed in the overall population. This effect was exposure-responsive in the second, fourth, and fifth quintiles. A similar pattern was noted for perchlorate in female participants. In female participants, the only significant relationship was a 0.06-ng/dL decrease in FT 4 per unit increase in the log of perchlorate (P = 0.029), substantially larger than the effect noted in the overall population. The relationships in other age-sex stratified populations were not significant.
Neither creatinine correction of the NIS inhibitors nor sample weighting utilization unduly influenced the results (Supplemental Tables 2 and 3 ). Multiple linear regression of FT 4 with uncorrected perchlorate, thiocyanate, and nitrate indicated that there were statistically significant relationships between perchlorate and FT 4 in the general population, in all women, and in girls aged 12 to 21 and statistically significant relationships between thiocyanate and FT 4 in the general population and boys aged 12 to 21 (Supplemental Table 3 ). The coefficients were all comparable to our study results. In testing for undue effects of the sample weighting provided by Model A is multivariate analysis with log-adjusted perchlorate, thiocyanate, and nitrate with either FT 4 or log-adjusted TSH as the predictor variable. Model B adds log-adjusted serum cotinine to Model A. Model C adds BMI and total daily energy consumption to Model B. Model D adds race/ethnicity and poverty-to-income ratio to Model C.
Abbreviation: CI, confidence interval. a P , 0.01.
b P , 0.05. Multivariate linear regression was run with all three NIS inhibitors. All models control for serum cotinine, BMI, total daily energy consumption, race/ ethnicity, and poverty-to-income ratio. Changes are per log unit of creatinine-corrected perchlorate, thiocyanate, and nitrate.
NHANES, we found that perchlorate had a significant relationship with FT 4 in the general population, among all women, and among girls aged 12 to 21 and that thiocyanate had a significant relationship with FT 4 in the general population, among all men, and among boys aged 12 to 21 (Supplemental Table 2 ).
Discussion
In this study, we identified adolescent populations that are most sensitive to NIS inhibition that manifests in reduced thyroid function. Our study indicates that serum FT 4 decreases 8% and 9% per log unit perchlorate and thiocyanate in adolescent girls and boys, respectively, relative to mean values. These effects of both perchlorate in adolescent girls and thiocyanate in adolescent boys were substantially larger and more significant than in the general population. FT 4 was associated with a 4% decrease relative to its median per log unit increase of perchlorate in the general population, but an 8% decrease in adolescent girls. The 3% decrease in FT 4 per log unit increase of thiocyanate in the general population was not statistically significant after controlling for povertyto-income ratio. Each log unit increase in thiocyanate was associated with a 9% decrease within adolescent boys. In all analyses, these depressions in FT 4 were not associated with characteristic elevations in TSH. This study underscores the importance of age-and sexstratification in evaluating exposure safety levels of different NIS inhibitors. Our results are consistent with studies that found the most significant relationship between perchlorate and thyroid function in women (19) (20) (21) (22) . Although prior studies had investigated specific age groups (23, 27) , ours stratifies sexes specifically by age group, revealing that adolescents are particularly vulnerable to the effects of these chemicals. The stronger effects in adolescents may indicate that they are a generally more sensitive population, or it may be due to fewer complicating health issues as compared with adults.
Although small decreases in FT 4 are typically associated with large increases in TSH, this is not the case in instances of iodine deficiency (36) , which is characterized by low serum FT 4 and normal or slightly elevated T 3 , which rises due to increased deiodinase activity. Elevated T 3 inhibits TSH, leading to clinically euthyroid individuals, despite prolonged iodine deficiency (36) . This mechanism has been applied to explain normal TSH levels despite decreased FT 4 levels in people with high exposure to NIS inhibitors (20) . Although many tissues may not sustain clinically significant changes under these conditions, some tissues are sensitive to selective hypothyroidism, most notably the brain (36) . In fact, the fetal brain is uniquely sensitive to iodine insufficiency. The effects of perchlorate on thyroid function therefore represent hypothyroidism that is significant at a population level.
Strengths of this study include the large sample size and associated power, which enabled us to establish clear relationships with strong confidence intervals. Because of the large sample size, we were also able to examine the effects of NIS inhibitors on specific subpopulations that have otherwise had limited data. Additionally, the wide breadth of NHANES data allowed for us to include many covariates to reduce confounding. Nevertheless, there are several weaknesses to our study. The investigation is Multivariate linear regression in the male and female populations by age. All models control for serum cotinine, BMI, total daily energy consumption, race/ ethnicity, and poverty-to-income ratio. Changes are per log unit of creatinine-corrected perchlorate, thiocyanate, and nitrate.
limited by its cross-sectional design and cannot evaluate a causal relationship between NIS inhibitor exposure and thyroid function. Reverse causation is unlikely to affect our results because low thyroid is unlikely to cause higher levels of exposure. However, residual confounding can be a problem because the study was observational. Despite adjustment for several confounders, there may be factors related to both exposure and thyroid function not considered here. In addition, we only considered a single urinary measurement for each NIS inhibitor. The 6-to 8-hour half life of perchlorate in the body renders it particularly sensitive to random fluctuations; thiocyanate's longer half life of 7 to 14 days renders it a more accurate representation of exposure over time.
Identification of adolescents as uniquely sensitive to these chemicals suggests opportunity for prevention and counseling on routes to decrease exposure. Adolescence is an essential time for physical and cognitive growth. Disruptions of normal thyroid function in the subclinical range in adolescents are observed most commonly as declining growth rates (37, 38) but can present with changes in academic performance, including poor attention (39) . Our study found that the FT 4 decreases in adolescents were not associated with increases in TSH, which has traditionally served as the screening test for thyroid function. It may therefore be of value to screen both TSH and FT 4 when testing for thyroid function and to evaluate the utility of thyroglobulin screening in the background of NIS inhibitors, as this is a more sensitive screen than TSH in cases of iodine deficiency.
Our results also suggest an opportunity for environmental regulation. In 2011, the Environmental Protection Agency (EPA) announced that perchlorate would be regulated as a contaminant through the Safe Drinking Water Act (40) . The EPA is now in the process of developing a protocol weighing the potential impact of the chemical on public health against the feasibility and practicality of removing perchlorate from drinking water. Although thiocyanate is not independently regulated, it is recognized by the EPA as an important aspect to consider in evaluating perchlorate risk. Our findings suggest that there are effects in low exposures in vulnerable subpopulations and may support more aggressive regulation.
Association of perchlorate with thyroid function appear to be highly dependent on age and sex. Further studies should evaluate the long-term effects of mitigating efforts to reduce exposure of these potentially harmful chemicals in vulnerable subpopulations. It is unclear why perchlorate and thiocyanate have different effects in boys versus girls; this may reflect a limit in study power, a true biological difference, or part of an undiscovered interrelationship between the chemicals. Although the interrelationship between perchlorate, thiocyanate, and nitrate is largely thought to be purely additive (9) , other studies have suggested that a weighted sum may be more appropriate (31) . Still, the relative ratios have not yet been established. Future studies can investigate the relative impacts of each chemical in different demographic groups. Our study provides a good framework for evaluating this interrelationship in different subpopulations, particularly adolescents.
